1.. Introduction {#S1}
================

With the development of medical technology and the generalization of medical services, the average human life span has increased to over 80 years. As a result, hearing loss, which is a representative disease of the aging society, is steadily increasing \[[@ref001], [@ref002]\]. In addition, the increase in use of various multimedia devices is leading to an increase in the overall prevalence of hearing loss, which is emerging as a social issue. Various studies have examined the treatment and rehabilitation of hearing loss diseases \[[@ref003], [@ref004]\].

In general, medical devices for hearing loss rehabilitation include air conduction hearing aids with sound pressure output, cochlear implants with electrical output, and implantable middle ear implants with vibrational output \[[@ref005], [@ref006], [@ref007]\]. Air conduction hearing aids are problematic in terms of closure of the external ear canal and howling effects, and are applicable to mild hearing loss only. However, since this hearing aid does not require surgery, it is the first hearing rehabilitation device that many hearing-impaired people use \[[@ref008]\]. Cochlear implants are the only auditory rehabilitation devices applicable to severe hearing loss patients. Cochlear implant uses a surgically implanted neuroprosthetic device (electrode arrays) to stimulate the cochlea nerve to transmit sound. Therefore, cochlear implants require complex surgery and the target application is different to that of other hearing rehabilitation devices \[[@ref009]\]. In general, middle-ear implants use a method of attaching a small actuator to the ossicles to transmit a vibrational signal to the cochlear. Therefore, middle-ear implants can generate higher output than air conduction hearing aids and, because vibration is used as an output medium, the original sound can be reproduced without acoustic feedback, which is faithful to the original function of the hearing aid. However, middle-ear implants such as cochlear implants require surgery \[[@ref010]\].

Recently, implantable bone conduction hearing devices, which have the advantages of middle-ear implants and are surgically easy to implant, have been actively studied \[[@ref011], [@ref012]\]. Unlike conventional middle ear implants that transmit the output to the ossicles using a small actuator, an actuator with a relatively large and high vibrational force is implanted into the mastoid to deliver voice signals through bone conduction \[[@ref013]\]. The output device of the bone conduction hearing aid should have a very high output because the voice signal transmitted along the skull is mostly lost in the propagation process. Recent studies have focused on improving the output of bone conduction actuators, but high frequency loss due to the bone conduction path cannot be avoided even with high output \[[@ref014]\]. Considering that most hearing-impaired people have sensorineural hearing loss, research to improve the high frequency output characteristics of the hearing aid output device is inevitably a task to be solved.

In this paper, an electromagnetic actuator with a new structure for use in implantable bone conduction hearing devices has been proposed. The proposed actuator is designed to have maximum electromagnetic force by using a dual-coil method and magnetic circuit. Also, mechanical resonance was generated using a vibrational membrane with a cantilever structure so that the actuator occur a high vibrational displacement in a specific frequency region. The vibrational characteristics of the proposed actuator are decided by the vibrational membrane of the cantilever structure and the geometrical shape of the vibrational membrane was derived through mathematical modeling and the finite element method. Using the analysis results, an actuator was fabricated, and the no-load condition vibration characteristics of the actuator were measured by using a laser Doppler vibrometer (LDV). The validity of the actuator design was verified by comparing the measured results with the finite element analysis results.

2.. Design of the dual-coil electromagnetic actuator {#S2}
====================================================

The implantable bone conduction hearing aid consists of an external system with a microphone for collecting external sound signals, an implant system with a signal processing device, and an actuator for outputting mechanical vibration, as shown in Fig. [1](#thc-27-thc199039-g001){ref-type="fig"}. The sound signal collected by the microphone is transformed into an electrical signal and is appropriately corrected through the signal processing device according to the hearing loss level of the hearing-impaired person. Then, the processed electrical signal is converted into a vibrational signal by the actuator, which is an output device, and directly transmitted to the cochlea of the inner ear through the bone. Through this process, the cerebrum recognizes the sound signals.

Figure 1.The components of the implantable bone conduction hearing aid \[[@ref015]\].

In the case of middle-ear implant actuators, the limited space in the middle-ear cavity limits the size of actuator that can be implanted. On the other hand, since the implantable bone conduction actuator is implanted in the mastoid, a larger size actuator can be used, as compared to the middle-ear implant actuators \[[@ref016], [@ref017], [@ref018]\]. Based on the computed tomography image of the cranium \[[@ref016]\], the dimension of the actuator was set at 18 mm in dia. and 11 mm in height. The exploded view of the proposed bone conduction actuator is shown in Fig. [2](#thc-27-thc199039-g002){ref-type="fig"}. The proposed actuator is composed of a titanium housing, a dual-coil (top and bottom) and permanent magnet for generating electromagnetic force, a vibrational membrane (top and bottom) with a cantilever structure for generating mechanical resonance, a magnetic circuit yoke for maximizing the magnetic density, a ring support for securing gap between the vibrational membrane and the components (such as the housing and yoke), and a metal tip for connecting the vibrational membrane and the permanent magnet.

Figure 2.Part drawing of the proposed bone conduction actuator.

Figure 3.Proposed vibrational membrane structure.

The shape of the proposed vibrational membrane consists of a fixed ring, a circular plate, and two cantilevers connected symmetrically, as shown in Fig. [3](#thc-27-thc199039-g003){ref-type="fig"}. The frequency characteristics of the vibrational membrane are determined by the number, width, thickness, and length (angle) of the cantilevers, which are variable elements. If the variable elements are appropriately adjusted, the mechanical resonance frequency required by the bone conduction actuator can be obtained. The frequency response characteristics of the vibrational membrane are determined by the stiffness coefficient. The stiffness coefficient of two vibrational membranes (top and bottom) connected in parallel can be calculated by Eq. ([1](#S2.E1)) \[[@ref019], [@ref020]\].

$${k = {2n\left( \frac{3EI}{l^{3}} \right)} = \frac{\text{𝑛𝐸𝑊𝑇}^{3}}{2l^{3}}},{I = \frac{WT^{3}}{12}}$$

Here, $k$ is the stiffness coefficient of the two parallel vibrational membranes, $n$ is the cantilever' number, $E$ is Young's modulus of elasticity of cantilever material, $I$ is the inertia moment of the cantilever, $W$ is the cantilever' width, $T$ is the cantilever' thickness, $l$ is the cantilever' length.

The bone conduction actuator can be represented by a two degree of freedom system composed of a spring (top and bottom vibrational membrane) and mass (magnet and yoke). The mechanical resonance frequency of the actuator can be theoretically calculated by the stiffness coefficient of the vibrational membrane and the mass applied to the vibrational membrane as in Eq. ([2](#S2.E2)).

$$f = \sqrt{\frac{k}{m}} = \sqrt{\frac{6\text{𝑛𝐸𝐼}}{ml^{3}}}$$

Here, $f$ is the mechanical resonance frequency of the two parallel vibrational membranes and $m$ is the mass applied to the two parallel vibrational membranes.

In other words, the mechanical resonance frequency of the actuator can be derived from Eqs ([1](#S2.E1)) and ([2](#S2.E2)). As shown in Eq. ([1](#S2.E1)), the component with the greatest influence on the determination of the frequency characteristics of the actuator is the length (angle) and thickness of the cantilever. The mechanical resonance frequency of the actuator can be derived through mathematical analysis. However, finite element analysis (FEA) is needed to analyze the complex correlation characteristics between the electromagnetic force generated by the magnets, coils and components of the actuator. Therefore, electromagnetic analysis and mechanical vibration analysis were performed using FEA program (COMSOL Multiphysics 5.4; COMSOL Inc., Stockholm, Sweden) to derive the optimum vibrational characteristics of the bone conduction actuator.

Implantable bone conduction hearing devices can be used for mixed and sensorineural hearing loss, but they are used primarily for conductive hearing loss accompanied by aural atresia \[[@ref021]\]. According to the audiogram of a conductive hearing loss case, the hearing level of the low-frequency band is lowered, so hearing compensation is required in this band \[[@ref022]\]. Therefore, the frequency output characteristic of the bone conduction hearing aid should compensate the low-frequency band by generating mechanical resonance near 1.2 kHz. Therefore, the output characteristic of the proposed bone conduction actuator was designed to generate mechanical resonance at 1.2 kHz.

Since the output characteristics of the bone conduction actuator are determined by the vibrational membrane with the cantilever shape, the FEA was performed on the vibrational membrane shape and the actuator components to produce an output characteristic suitable for conductive hearing loss applications. First, to obtain the maximum Lorenz force generated by the permanent magnet and the dual-coil, electromagnetic analysis was performed using a two-dimensional axisymmetric model as shown in Fig. [4](#thc-27-thc199039-g004){ref-type="fig"}a. Here, the mesh of the model is composed of 421 boundary elements and 6,825 domain elements. In the modeling, a permanent magnet (NdFeB) with a dia. of 4 mm and a height of 4 mm was placed at the center. Then, metal yokes were arranged at the top, bottom, and outside of the coil of the magnet to construct a magnetic circuit. The dual-coils were of the same size at the top and bottom. To maximize the Lorentz force generated by the magnet and the dual-coil, the currents flowing through the coils were set to be opposite to each other. Each coil has an outer dia. of 12.2 mm, an inner dia. of 10.2 mm, a height of 2 mm, a thickness of 55 $\mu$m, with 450 turns and a resistance of 111 ohm. Figure [4](#thc-27-thc199039-g004){ref-type="fig"}b shows the magnetic flux line generated by the permanent magnet, which is the electromagnetic analysis result using the finite element model. The generated Lorentz force was about 1440.5 mN when 3 Vp was applied to the coil.

Figure 4.(a) Two-dimensional axisymmetric model for the electromagnetic analysis and (b) electromagnetic analysis results.

Figure 5.(a) Three-dimensional model for mechanical vibration analysis, (b) mechanical vibration analysis results and (c) vibrational output graph of the proposed actuator according to the cantilever' angle.

In order to determine the optimal vibration characteristics of the actuator, mechanical vibration analysis was carried out toward shape of the vibrational membrane. Considering the ease of fabrication of the vibrational membrane, the cantilever' thickness and width were fixed at 0.3 mm and 2.8 mm, respectively. In the modeling of mechanical vibration analysis, only the permanent magnet, vibrational membrane, ring support, and two circular metal yokes were represented. The reason for this representation is that the cylindrical metal yoke, the coil and the housing are completely fixed to the skull, and do not affect the vibration characteristics of the vibrational membrane. The expressed components in the modeling were configured using the solid mechanics routine of the structure mechanics sub-module, and then combined by the "form union" command. The fixed ring of the top and bottom vibrational membrane for coupling with the housing was fixed using a defined "fixed constraint". The prescribed displacements of the permanent magnet, circular metal yoke and cantilever of the vibrational membrane were set to "free/free". The force of the boundary load applied to the permanent magnet during mechanical vibration analysis was that which had been calculated previously (1440.5 mN). The total load applied to the permanent magnet and circular metal yoke was 3.3 g. Figure [5](#thc-27-thc199039-g005){ref-type="fig"}a shows the three-dimensional model used to perform the mechanical vibration analysis. The mesh of the three-dimensional model consisted of 6,786 edge elements, 61,963 boundary elements, and 236,693 domain elements using a defined "free tetrahedral". The vibrational membrane (stainless steel 316, SUS316), ring support (SUS316), and two circular metal yokes (stainless steel 304, SUS304) used in the modal analysis had the following characteristics: vibrational membrane' density, 8070 kg/m$^{3}$; vibrational membrane' Poisson's ratio, 0.275; vibrational membrane' Young's modulus, 205e$^{9}$ N/m$^{2}$, ring support' density, 8070 kg/m$^{3}$; ring support' Poisson's ratio, 0.275; ring support' Young's modulus, 205e$^{9}$ N/m$^{2}$, circular metal yoke' density, 7850 kg/m$^{3}$; circular metal yoke' Poisson's ratio, 0.265; circular metal yoke' Young's modulus, 190e$^{9}$ N/m$^{2}$.

Using the analytical model, the angle of the cantilever was simulated in units of 10$^{\circ}$ from 80$^{\circ}$ to 120$^{\circ}$. Figure [5](#thc-27-thc199039-g005){ref-type="fig"}b is the mechanical vibration analysis results of the actuator and it shows the von Mises stress, which is the maximum distortion energy at each point under load. The output characteristics of the proposed actuator according to the cantilever' angle are shown in Fig. [5](#thc-27-thc199039-g005){ref-type="fig"}c, and the resonance frequency of the actuator was generated at 1.2 kHz when the cantilever' angle was 100$^{\circ}$.

3.. Implementation of the bone conduction actuator {#S3}
==================================================

Based on the results of the FEA, the components of the bone conduction actuator were fabricated as follows. The vibrational membrane (dia.: 16 mm, angle: 100$^{\circ}$, and thickness: 0.3 mm) of the cantilever structure, the metal tip (dia.: 3 mm, and height: 0.5 mm) and ring support (outer dia.: 16 mm, inner dia.: 12.2 mm, and thickness: 0.5 mm) were implemented by a chemical dry etching using the SUS316. Titanium housing (outer dia.: 18 mm, inner dia.: 16 mm, and height: 11 mm, Ti-6Al-4V), cylindrical metal yoke (outer dia.: 16 mm, inner dia.: 12.2 mm, and height: 8 mm, SUS304), top and bottom circular metal yokes (dia.: 10 mm, and height: 2 mm, SUS304) were manufactured using a CNC process. The top and bottom coil (outer dia.: 12.2 mm, inner dia.: 10.2 mm, and height: 2 mm) were wound 450 turns using a self-bonding coil (thickness: 55 $\mu$m). The permanent magnet (dia.: 4 mm, and height: 4 mm, NdFeB) was fabricated from commercial products. The components of the bone conduction actuator were assembled through a precision assembly process. The assembly of the actuator was carried out using probe station equipment, according to the following procedure. First, the ring support and the fixed ring of the bottom vibrational membrane were united using epoxy. Second, the ring support and the bottom of the housing were firmly fixed using epoxy. Third, after assembling magnetic circuit yoke, magnet and dual-coil, the circular plate of the bottom vibrational membrane and the bottom circular metal yoke were combined using metal tip and epoxy. Fourth, the outer surface of the cylindrical yoke was firmly fixed to the titanium housing using epoxy. Fifth, after the fixed ring of the top vibrational membrane and the ring support were combined, the top circular metal yoke and the circular plate of the top vibrational membrane were combined using metal tip and epoxy. Finally, the housing and housing cover were sealed using epoxy (Fig. [6](#thc-27-thc199039-g006){ref-type="fig"}a). Figure [6](#thc-27-thc199039-g006){ref-type="fig"}b and c are photographs of the vibrational membrane implemented by a chemical etching process and the implemented bone conduction actuator.

Figure 6.(a) Layout drawing of the actuator, (b) fabricated vibrational membrane of the cantilever structure and (c) implemented bone conduction actuator.

To verify the output characteristics of the manufactured bone conduction actuator, the frequency response characteristic was measured under no-load conditions. The experimental environment setup for vibration measurement is shown in Fig. [7](#thc-27-thc199039-g007){ref-type="fig"}a. All measurements were performed using a data acquisition system of FFT-based (number of FFT: 8,192, sampling rates: 96 kHz, DAQ; NI PXI-1042 and NI PXI-4461; National Instruments Co., USA). The measurement system generates a sinusoidal signal for driving the bone conduction actuator and at the same time measures the vibrational characteristics using the LDV (OFV-5000 (controller) and OFV-551 (laser); Polytec GmbH, Germany). The titanium housing of the actuator was completely fixed to the anti-vibration table using epoxy. To measure the vibration characteristics using the LDV, a 4 mm dia. hole was drilled through the top of the titanium housing to allow the laser beam to pass through it, and reflective beads were attached to the center of the top vibrational membrane. The sine wave signal corresponding to 3 Vp was applied to the actuator and the frequency response characteristic was measured; the result is shown in Fig. [7](#thc-27-thc199039-g007){ref-type="fig"}b. In Fig. [7](#thc-27-thc199039-g007){ref-type="fig"}b, the black solid line is the frequency output characteristic of the bone conduction actuator measured by LDV, and the solid red line is the result of the mechanical vibration analysis. Comparing the measured and analyzed results, the two results have generally similar frequency characteristics. Therefore, the actuator was implemented according to the theoretical design.

Figure 7.(a) Vibration measurement system and (b) comparison of output characteristics between the fabricated actuator and FEA model.

4.. Discussion and conclusions {#S4}
==============================

In this study, we implemented a novel electromagnetic actuator using a dual-coil and magnetic circuit for implantable bone conduction hearing devices. To satisfy the function as a bone conduction actuator for treating conductive hearing loss, a high output was generated in a specific frequency band using a vibrational membrane with a cantilever structure. Variable elements of the vibrational membrane affecting the actuator frequency characteristics were derived through mathematical modeling. Electromagnetic and mechanical vibration analyses were performed to determine the optimal vibrational characteristics of the actuator using the variable elements. From the analysis results, the bone conduction actuator was fabricated via a chemical etching process and CNC process. The fabricated actuator measured the frequency response characteristics using LDV. The validity of the proposed actuator design was confirmed by comparing the measured results with the FEA results. From the viewpoint of frequency response characteristics, the proposed actuator is expected to be used as an actuator for implantable bone conduction hearing devices.
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